1. The activities of lysosomal enzymes in the cortexes and medullas and the principal subcellular ffractions of rat kidney were measured. 2. A method is described for the isolation of rat-kidney lysosomes and a detailed analysis of the enzymic composition of the lysosomes is reported. Enzyme analysis of the other principal subcellular fractions is included for comparison. 3. Studies of the distribution of a-glucosidase showed that the lysosomal fraction contained only 10% of the total enzyme activity. The microsomal fraction contained most of the particulate a-glucosidase. Lysozyme was concentrated mainly in the lysosomal fraction with only small amounts present in the microsomal fraction. Lysosomal a-glucosidase had optimum pH 5 whereas the microsomal form had optimum pH 6. Both lysosomal and microsomal lysozyme had optimum pH 6-2. 4. The stability of lysosomal suspensions was studied. Incubation at 370 and pH 7 resulted in first an increased availability of enzymes without parallel release of enzyme. This was followed by a second stage during which the availability of enzymes was closely related to the release of enzymes. These changes were closely paralleled by changes in light-scattering properties of lysosomes. 5. The latent nature of the a-glucosidase and lysozyme of intact kidney lysosomes was demonstrated by their graded and parallel release with other typical lysosomal enzymes. 6. Isolated lysosomes were unstable at pH values lower than 5, most stable at pH 6-7 and less stable at pH 8-9. Lysosomes were not disrupted when the osmolarity of the suspending medium was decreased from 0-6M to 0-25M. 7. The discussion compares the properties and composition of kidney lysosomes, liver lysosomes and the granules of macrophages. 8. The possible origin of the lysozyme in kidney lysosomes by reabsorption of the lysozyme in blood is discussed.
The isolation of kidney droplets from normal rats was first reported by Strauss (1954 Strauss ( , 1956 , who demonstrated that theyhad an enzymic composition similar to that ofthe lysosome fraction isolated from liver homogenates (de Duve, Pressman, Gianetto, Wattiaux & Appelnans, 1955) . However, since these reports were published knowledge of the number of acid hydrolases associated with lysosomes has considerably increased. Because of the importance of lysosomes in the catabolic processes occurring in the cell, a detailed study has been made of the enzymic composition and stability of isolated kidney lysosomes. A method is described for isolating intact kidney lysosomes in a high degree of purity. Similar studies have been reported for liver lysosomes (Sawant, Shibko, Kumta & Tappel, 1964) and the cytoplasmic granules ofmacrophages (Cohn & Hirsch, 1960) , so that a comparison of the enzymic composition and stability properties of these three lysosomal particles is possible. In addition, since in the rat the kidney has been shown to have the highest activity of a-glucosidase (a-Dglucoside glucohydrolase, EC 3.2.1.20) (Goldbarg. Tsou, Rutenberg, Rutenberg & Seligman, 1958) and lysozyme (N-acetylmuramide glycanohydrolase, EC 3.2.1.17) (Litwack, 1957) , and since these enzymes have been shown to be associated with lysosomes in other tissues (Lejeune, Thin6s-Sempoux & Hers, 1963; Cohn & Hirsh, 1960) , a special study was made of the intracellular localization and properties of these enzymes in the kidney cell.
MATERIALS AND METHODS
Experimental animal8. Male Sprague-Dawley rats weighing 250-350g. were used (Berkeley Pacific Laboratories, Berkeley, Calif., U.S.A.).
Homogenization and suspending media. Demineralized water and analytical-grade reagent were used for the preparation of all sucrose solutions. The solutions, containing EDTA (tetrasodium salt) (0.34mM) and EDTA (disodium salt) (0.34mM), were adjusted to pH7.
Ti88ue fractionation. Rats that had starved for 24hr. were killed by stunning and their kidneys were removed immedii with cold 0-45M-sucrose. After being m kidney was homogenized in 0 45aM-sU Homogenization was for 20sec. in a Warn speed. The homogenate was filtered thr fractionated in the SS3 Servall centrifug were carried out in a cold room at 4'.
For the study of the distribution of en the fractionation was designed to separat into the principal subcellular fractions. fractions and a soluble fraction were obta ing the homogenate successively for (unbroken cells and nuclei), 1 min. at 10 mitochondrial fraction), 20min. at 120002 microsomal fraction) and 60min. at 1004 fraction). The remaining supernatant soli assay of the enzymes in the soluble fractiox to accelerate to the speed required to s4 somal-mitochondrial fraction was 20S mitochondrial-microsomal fraction it was tion was achieved by using the automati and the time taken was 1* min. for the lysc drial fraction and 4min. for the mitochor fraction. The particulate fractions we 045M-sucrose. For enzyme assays the diluted with 0 45M-sucrose so that the prol was 0-5mg./ml. 2imin. at 650g the protein concentration was about 0-1 mg./ml. MitochonQOOg (lysosomal-dria were prepared from the middle buff-coloured layer of g (mitochondrial-the pellet that separated in the first 5min. at the 5900g 000g (microsomal centrifugation stage in the preparation of lysosomes. The ution was used for layer was carefully removed and resuspended in 0 6m-sun. The time taken crose and centrifuged for 5min. at 5900g. The mitochondrial ediment the lyso-pellet was resuspended in 0-6M-sucrose, care being taken ec., and for the not to include the small amount of dark-brown lysosomal 390sec. Decelera-material present at the bottom of the pellet. For the ic braking device, preparation of the microsomalfraction, the supernatant soluDsomal-mitochon-tion remaining after removal of the lysosomal-mitochonidrial-microsomal drial fraction was centrifuged first for 20 min. at 6600g and -re suspended in then for 30min. at 14800g. The second pellet was always suspensions were found to be the fraction containing the highest glucose tein concentration 6-phosphatase and alkaline-phosphatase activities and was used as the microsomal fraction. The supernatant solution remaining after the separation of the microsomal fraction was centrifuged for 60min. at 100000g. The pellet, which showed low glucose 6-phosphatase and alkaline-phosphatase Louis, Mo., U.S.A.) was used as substrate for acid-phosphatase determinations, the subcellular fractions were incubated for 5min. in 0-2M-sodium acetate buffer, pH5, before the addition of substrate, to inactivate microsomal phosphatases (Beaufay & de Duve, 1954 Glucose 6-phosphatase (D-glucose 6-phosphate 6-phosphohydrolase, EC 3.1.3.9) was measured by the method of de Duve et al. (1955) . Succinoxidase was determined by polarographic measurement of the oxygen consumed when succinate was added to suspensionis of the subcellular fractions in 0-M-sodium phosphate buffer, pH7-2, containing KCI(0-1 M). Cytochrome c (1O0tM) was added to the reaction mixture to ensure maximum reaction rates. The polarographic apparatus used was that described by Hamilton & Tappel (1963) . Glutamate dehydrogenase [L-glutamate-NAD(P) oxidoreductase (deaminating), EC 1.4.1.3] was determined by direct spectrophotometric measurement of the oxidation of NADH (Hogeboom & Schneider, 1953 These results indicate that the lysosomal enzyme activities are distributed throughout the kidney and not concentrated in any of the clearly defined morphological regions. For this reason whole kidney tissue was used for further studies. The patterns of distribution of typical lysosomal enzymes (acid phosphatase and arylsulphatase), mitochondrial enzyme (succinoxidase) and microsomal enzyme (glucose 6-phosphatase) in the fractions obtained by differential centrifugation of kidney homogenate are shown in Fig. 1 . Fraction 2 (the lysosomalmitochondrial fraction) showed the highest concentration of lysosomal enzymes in the particulate fractions and contained 33% of the lysosomal acid phosphatase. The lysosomes in this fraction can be readily separated from the mitochondria and other subcellular particles by centrifugal procedures. The mitochondrial-microsomal fraction (fraction 3) contained 22% of the acid phosphatase and the microsomal fraction (fraction 4) 6%. Included in Fig. 1 are the distributions of a-glucosidase and lysozyme. The lysosome-rich fraction has the lowest a-glucosidase activity and contained only 8% of the total cellular a-glucosidase activity. The microsomal fraction contained 21% of the total cellular ca-glucosidase activity. Lysozyme separated mainly in the lysosome-rich fraction. This fraction contained 40% of the total lysozyme activity. Only 11% of the total lysozyme activity was present in the microsomal fraction.
I8olation of kidney Iy808ome8 and enzymic propertie8. Scheme 1 shows the method devised for the isolation ofa purified kidney lysosomal preparation. A 45g. sample of rat-kidney tissue fractionated by this procedure yielded 20-30mg. of lysosomal protein. The lysosomal enzymes in this fraction had the highest specific activity of all the fractions studied. However, the yield of lysosomal enzymes in the purified preparation was low, being approx.
1-1% for acid phosphatase and 2.4% for arylsulphatase.
Enzyme characteristics of the kidney lysosomes are shown in Table 2 . Increase in the specific activities of the lysosomal enzymes showed considerable variation, e.g. acid phosphatase, acid ribonuclease and fi-galactosidase showed a similar increase in specific activity of about 14 times that of the homogenate, whereas arylsulphatase and ,-glucuronidase showed increases of 30 and 60 times respectively. Table 2 also shows the enzyme characteristics of the other principal subcellular fractions, and enables some estimate to be made of the contamination of the lysosomes by these organelles.
Because the method of purification of the subcellular fractions was designed to obtain fractions that showed the highest specific activity of their characteristic enzymes, rather than a complete fractionation of the tissue, only 36% of the protein of the homogenate was recovered. Although care was taken not to include any obvious lysosomal material in the mitochondrial fraction during its preparation, the final fraction, which had the highest glutamate-dehydrogenase and succinoxidase activities, always showed considerable lysosomal contamination, as judged by its content of lysosomal enzymes ( Table 2 ). The succinoxidase and glutamate-dehydrogenase activities of the lysosomal fraction indicated a 5-8% contamination with mitochondria. The presence ofalkaline phosphatase and glucose 6-phosphatase in the lysosomal fraction suggested that the preparation wan also contaminated with microsomal material. However, when the morphological composition of the preparations was studied by electron microscopy ( Fig. 2) they were seen to contain intact lysosomes and a few mitochondria. Counts of ten typical fields each containing at leant 150 particles indicated that the lysosomal preparation contained about 5 % ofmitochondria. Microsomal fragments were seldom visible. Because of the importance of lysosomes in tissue autolysis and the role of cathepsins in this process a cathepsin B. Cathepsin C was not detected (Table  2 ). Fig. 3 shows the pH optima and relative activity of the cathepsins in the lysosomal preparation. Cathepsin A had optimum pH 5 and cathepsin B a much broader pH optimum with maximum activity at pH 6. Properties of Iysosomal and microsomal aC-glucosid,se and lysozyme. Since a-glucosidase and lysozyme are mainly concentrated in the lysosomal and microsomal fractions some properties of these enzymes in these fractions were studied. Fig. 4 shows the pH optima of lysosomal and microsomal aglucosidase. Lysosomal a-glucosidase has a sharp peak at pH 5, whereas the microsomal fraction shows optimum activity at pH 6. The fractions did not release glucose from glycogen or soluble starch.
The microsomal fraction showed some invertase activity. Lysosomal and microsomal lysozyme showed optimum activity at pH 6-2 (Fig. 5) . Lysozyme from these fractions was completely inhibited by 0-5mM-iodine.
Spectral characteristics of kidney Iy8osomes. Suspensions of kidney lysosomes exhibit a typical dark-olive-green colour. Disruption of the lysosomes resulted in the release of some of the pigment into the soluble fraction. Absorption spectra of the Bioch. 1965, 95 Vol. 95 737
Stability of kidney Iy8o8omes. Freshly prepared lysosomal preparations suspended in 0'6M-sucrose-0-68mm-EDTA buffer, pH7, showed typical latent enzyme activities characteristic of intact lysosomes. Fig. 6 (zero time) shows that under these conditions lysosomal enzymes were latent to the extent of 90-95%. When suspensions were incubated at 370, changes occurred in their light-scattering properties and these were paralleled with the availability and release of enzymes and protein into a soluble form (Fig. 6) . The first changes observed were a decrease in light-scattering properties and an increase in the amount of lysosomal enzyme available. Only small amounts of protein and enzyme were released into the soluble fraction during this period. This initial period was followed by a continuous decrease in the light-scattering properties of the suspension and a rapid release of enzyme and protein into the soluble fraction. After 2 hr. the availability of enzymes and release of soluble enzymes paralleled one another and were almost equal. After 4hr. the release of soluble enzymes was virtually complete. About 10% of the lysosomal enzyme activities remained associated with the lysosomal membrane, which represented 15-20% of the total lysosomal protein.
There was little difference in the release pattern, or the total amounts released, of the various enzymes studied. No loss of total enzyme activity was observed during the period of incubation. This pattern has been observed for a number of preparations, although the time-interval for complete release of the enzymes varies. In general, lysosomes from rats 12-20 weeks old (350g.) were disrupted more readily than those from rats 6-8 weeks old (250g.). Increase in concentration of lysosomes also increased the rate of disruption. After 4hr. at 00 there was little change in the light-scattering properties of the suspensions, and only small changes in the amount of enzymes available or soluble.
After 24hr. at 00, 40% of the arylsulphatase was available and after 48hr. all the arylsulphatase was available. No loss in total enzyme activity was observed during this period.
Freezing and thawing the lysosome suspension ten times resulted in complete disruption of the lysosomal particles. Although all the enzymes became completely available only 50-60% was soluble, the remainder being associated with insoluble membranous material (Table 3) .
Effect of pH on the 8tability of the ly8o8ome8. Because changes in light-scattering properties of lysosomes are closely related to the release of lysosomal enzymes, measurement of the extinctions of suspensions of lysosomes at various pH values was used to study the effect of pH on the lability of lysosomes. Fig. 7 shows the effect ofpH on the lightscattering properties of suspensions of lysosomes in 0-6M-sucrose in O-lmi-buffer at various pH values.~4 Lysosomes were most labile at pH 4-5, showed maximum stability at pH 6-7 and were less stable at pH 8-9.
Effect of the molarity of the 8uspending medium on the 8tability of the Iyso8oMes. Decreasing the molarity of the suspending medium from 0-6M to 0-45, 0-3 or 0-25M did not result in any significant change in the light-scattering properties of suspensions of rat-kidney lysosomes. Incubation for 30min. at 370 Table 3 . Release of Iy8s8omal enzymes from rat-kidney Iysosomes after disruption by freezing and thawing A suspension of rat-liver lysosomes was frozen and thawed ten times and then centrifuged at 10000Og for 60min. Enzyme activities of the insoluble pellet and soluble fraction were determined by the methods described in the text. Results represent percentages of total enzyme found in soluble and insoluble fractions. Table 4 . Compari8on of availability and release of arylsulphatase, Iysozyme and ac-glucosidase of rat-kidney
Iysosomnes and microsomes Suspensions of rat-kidney lysosomes or microsomal fraction in 0-6M-sucrose were incubated at 370. At appropriate time-intervals samples were removed and available enzyme activities determined by the methods described in the text. For measurement of released enzyme the lysosome suspensions were centrifuged at 20000g for 15min. and the microsomal fractions at 10OOOOg for 60min., and the activities of the supernatant solutions determined. The results given represent the percentages of total enzyme activity of the lysosomal preparation.
Lysozyme xc-Glucosidase* Arylsulph, Lysosomal f under these conditions did not result in any significant changes.
Latent forms of ac-glucosidase and ly8ozyme as8oci-ated with purified kidney lysosomes. Freshly prepared lysosomes assayed with substrate in 0-6M-sucrose showed only 8% of the lysosome activity compared with lysosomes that had been disrupted by freezing and thawing (Table 4) . It was not possible to measure the a-glucosidase activity of intact preparations directly because: (1) the addition of sucrose (0-6M) to the substrate to maintain the integrity of the particles interferes with the method of assay of the liberated glucose; (2) owing to the low specific activity of the enzyme in the lysosomal preparation, a 30min. incubation period with the substrate at pH 5 was required, which would result in complete disruption of the lysosomes. However, the gradual and parallel release of lysosomal enzymes from suspensions ofkidney lysosomes in 0-6M-sucrose-0-68 mm-EDTA, pH7, at 370, as described in the present paper appears to be a suitable method for demonstrating the lysosomal nature of o-glucosidase. The release of oc-glucosidase from lysosomal preparations incubated under these conditions was similar to that observed for arylsulphatase, a typical lysosomal enzyme (Table 4) . Similar results were obtained for studies on the release of lysozyme from these preparations (Table 4) . Microsomal ac-glucosidase and lysozyme did not show any latent properties (Table 4) . Vol. 95
RAT-KIDNEY LYSOSOMES DISCUSSION Since the term 'lysosome' has been applied to most particles containing acid phosphatase (de Duve, 1963) , it is necessary to define the type of lysosomes isolated and used in the present study. The sedimentation characteristics of the particles correspond closely to those of the large kidney droplets or phagolysosomes described by Strauss (1954) . The origin of the droplets involves the fusion of two separate particles, the protein droplet formed by reabsorption and concentration ofprotein by cells of the proximal tubule, and an acid-phosphatase-bearing particle that presumably contains the other lysosomal enzymes (Strauss, 1964) . Strauss (1956) has shown that there is a wide variability in the size of these lysosomal particles. In addition, our results on the distribution of lysosomal enzymes in the particulate fractions of kidney (Fig. 1) show that they are present in all the fractions studied, although some ofthe enzymes present may be due to contamination of each fraction by the next most rapidly sedimenting fraction because the individual fractions were not washed before assay. Because of the large size of some of the lysosomes it is possible to separate them from other contaminating organelles by simple centrifugal procedures. The low yield of lysosomal enzymes recovered in this lysosomal fraction suggests that only a small percentage of the lysosomal particles differs suffleiently in size and density from the other subcellular particles to be separated by this technique.
Detailed enzyme analysis ofthe kidney lysosomes shows some marked differences from those reported for liver lysosomes. A study ofthe cathepsins shows that cathepsin C is not present in kidney lysosomes, although this has been reported to be present in liver lysosomes (Finkenstaedt, 1957) . However, as the liver preparation used was a mitochondrial fraction, it is possible that this activity may have been related to the neutral-protease activity of mitochondria (Korner & Tarver, 1957; Alberti & Bartley, 1963) and not a true lysosomal enzyme. The presence of alkaline-phosphatase and glucose 6-phosphatase activities in kidney lysosomes, which does not appear to be due to microsomal contamination, as judged by electron micrographs, suggests the presence ofanother phosphatase in the kidney lysosome in addition to those reported in liver (Neil & Home, 1962; Shibko & Tappel, 1963) . Its presence has also been reported in the cytoplasmic granules of macrophages (Cohn & Hirsch, 1960) . oc-Glucosidase, which has been shown to be a constituent of liver lysosomes (Lejeune et al. 1963) , is also present in kidney lysosomes. However, the difference in pHactivity properties of the lysosomal and microsomal forms of the enzyme (optimum pH values 5 and 6) is not as great as that reported for the isoenzymes of oc-glucosidase that occur at the various intracellular sites in liver (optimum pH values 3*8 and 7; Lejeune et al. 1963) . The role of oc-glucosidase in glycogen degradation in the liver has been discussed by Hers (1963) . The function of oc-glucosidase in the kidney is not known, as the enzyme does not release glucose from glycogen, which is only normally present in kidney in very small amounts (Krebs, Bennett, de Gasquet, Gascoyne & Yoshida, 1963) . Lysozyme, which has not been reported in liver lysosomes but is present in the macrophage granules (Cohn & Hirsch, 1960) , is an important enzyme in high concentration in the kidney lysosomes. On the basis of comparison of lysozymal activity of lysosomes and that of purified egg-white lysozyme, lysozyme constitutes 6-10% of the lysosomal protein.
In any study of the enzymic composition of the large kidney lysosomes it is necessary to examine the available information to decide whether the enzymes present are derived from the proteinabsorption droplet or the acid-phosphatase-bearing particle. It has been demonstrated that the accumulation of lysozyme in kidney is directly related to its concentration in the blood (Perri, Faulk & Money, 1964) . Further, exogenous and endogenous lysozyme accumulates in the kidney (Perri, Faulk, Mellors & Stock, 1962; Perri & Anigstein, 1960) and does not normally appear in the urine. These facts suggest that lysozyme in the kidney lysosome originates from the lysozyme in the blood which has been reabsorbed in the form of protein droplets, and that the enzyme is not synthesized in the kidney tissue or part of the original acid-phosphatasebearing particle. The function of lysozyme in kidney is not known. Unlike other lysosomal enzymes it does not appear to be available to act on its natural substrate, as the kidney provides a more favourable environment than other tissues of the body for the growth of bacteria (Beeson & Rowley, 1961) . Presumably the lysozyme is being slowly degraded by the catheptic enzymes in the kidney lysosomes, as has been observed with injected peroxidase (Strauss, 1962) , and its presence in kidney lysosomes may represent another phase in the body's protein metabolism. At present it is not known if other serum enzymes are reabsorbed in the kidney to form the protein-absorption droplets, and undergo degradation in this manner.
Isolated kidney lysosomes show a high degree of stability at 00 and pH 7, which enables them to be used for studies on the release of lysosomal enzymes. Studies of the release of enzymes from suspensions of lysosomes incubated at 370 suggests that this process occurs in two stages. First, there is a large increase in the amount of enzyme available but not soluble. This change is accompanied by a decrease in light-scattering properties of the suspended par- 740 1965 Vol. 95
RAT-KIDNEY LYSOSOMES 741 ticles that may represent a swelling ofthe lysosomes due to a change in permeability of the lysosomal membrane. The second stage is characterized by an increasing availability of enzymes and a rapid increase in the amount of soluble enzymes, which eventually is almost equal to the amount of enzyme available. This stage represents the almost complete release of the contents of the lysosomal particles.
Kidney lysosomes, as has been observed for liver lysosomes ) and the cytoplasmic granules from macrophages (Cohn & Hirsch, 1960) , are very labile at pH values below 5.
These results suggest that changes in the stability of lysosomes may be dependent on the activation of some system either by incubation at 370 or by lowering of pH.
Kidney lysosomes are not readily disrupted by changes in the osnolarity ofthe suspending medium. Lowering the molarity of the sucrose medium suspension from 0-6 to 0-25M did not cause any changes in the light-scattering properties of lysosomes. Strauss (1957) showed that a decrease in molarity of the suspending sucrose medium from 0-88 to 0-097M resulted in 75% of the lysosomal enzymes becoming available after 15min. incubation at 37°. Similar drastic changes in the osmolarity of the suspending medium of macrophage granules are also required to cause changes in availability of enzyme (Cohn & Hirsch, 1960) . In contrast, liver lysosomes are readily disrupted under these conditions (Sawant et al. 1964) .
Freezing and thawing suspensions of lysosomes results in complete disruption of the lysosomes (Shibko, Pangborn & Tappel, 1965) and presumably availability of lysosomal enzymes. However, the release of enzymes into the soluble fraction (50-60%) is not as effective as that observed when lysosomes are incubated at 37°.
The non-specific binding of enzymes to the membrane ofdisrupted kidney lysosomes and the pattern ofrelease oflysosomal enzymes into the soluble form under the conditions reported above do not show the differential pattern of binding and release observed for liver lysosome enzymes (Sawant et al. 1964) .
In general, the kidney lysosomes show stability properties similar to those described for the cytoplasmic granules of macrophages, but differing in some aspects from those described for liver. Detailed enzyme analyses of the kidney lysosomes show that the complement of enzymes differs from that of liver lysosomes. This may indicate that the lysosomes from each tissue contain, in addition to a common group of hydrolytic enzymes, other enzymes that are specifically related to the metabolism of the organ.
